The cost of reusing water in micro-irrigation at the field level has not been studied in depth although the use of effluents in agriculture is a viable alternative in areas where water is scarce or there is intense competition for its use. The aim of the present study is to analyse the private costs of water reuse in micro-irrigation in an experimental plot. This analysis is intended to provide information about the decision a farmer would make when the choice to use conventional or reclaimed water is guided by cost criteria. The components of the total costs of different combinations of four types of filters and five emitters that can be installed in micro-irrigation systems using reclaimed water have been studied with the data obtained from an experimental plot in conditions similar to those of fruit orchards. Different scenarios that compared the costs of using conventional or reclaimed water in terms of water price and nutrient content were also studied. The results show that a proper combination of filters and emitters can save up to 33% in irrigation costs. Capital costs and maintenance costs were the most variable among the different combinations. Scenario analysis showed that the greater price of reclaimed water could be compensated by high nutrient contents, which would reduce fertilizer costs.
Introduction
The use of effluents in agriculture is a viable alternative in areas where water is scarce or there is intense competition for its use. In Spain, reusing treated water for agricultural irrigation, among other uses, is regulated by Royal Decree 1620/2007, of 7 December (BOE, 2007) .
In addition to increasing the water supply, water reuse can reduce fertilizer consumption which can offset the cost of implementing a system to irrigate with reclaimed water (Trooien and Hills, 2007) 
. Private micro-irrigation costs using reclaimed water
The behaviour of four different filtration systems was studied. The first filtration system consisted of two sand filters in parallel, both filled with 175 kg of silica sand with an effective sand size of 0.27 mm. The second system was formed by two disc filters with a filtration level of 130 µm. The third filtration system had one screen filter with a filtration level of 120 µm followed by two disc filters in parallel, with the same characteristics as the filters used in the second filtration system. Lastly, the fourth filtration system consisted in one screen filter with a filtration level of 120 µm.
Each filtration system supplied water to 20 laterals of 87 m long. Five types of laterals were used, each with a different emitter type (UN, TI, RM, TO and P2) and four replications. Four of the emitters (UN, TI, RM, TO) were integrated into dripline wall and the other one (P2) was inserted into thick-walled dripline. Three of them were pressure compensating (UN, RM, P2) while the other three were not. The nominal discharge of the tested emitters at 100 kPa ranged from 1.8 to 2.3 L h -1 and their price varied between € 0.15 and 0.81 m -1 . The field experiments lasted 1,000 hours and were carried out without plants, because the initial aim was to study hydraulic performance in the irrigation system when reusing reclaimed water. The complete experimental setup is detailed in Duran-Ros et al. (2009) .
Calculation of costs
The concepts shown in Table 1 were considered to compute the costs associated with irrigation using the following equation: ) [1]
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the independent variables being i = filter type; j = emitter type; x = irrigation dose (m 3 ha -1 yr -1 ); q = water quality (in terms of clogging hazard and nutrient content); and p = water price (€ m -3 ), variable depending on the water used (conventional or reclaimed water).
In order to allow an appropriate comparison of the different cases analysed the costs are expressed as equivalent annual costs (EAC). For simplicity, we will refer to them as costs through the paper.
The irrigation costs were computed for each combination of filter and emitter type. At this step, the fertiThe best way to apply effluents from the environmental and public health points of view is by means of micro-irrigation (Bucks et al., 1979) . However, emitter clogging is a serious problem when using effluents in micro-irrigation systems (Ravina et al., 1997) because the reduction in emitted flow affects water distribution and, consequently, crop yields (Tajrishy et al., 1994) . Moreover, emitter and filter clogging makes it more difficult to manage irrigation systems when using effluents. Therefore, several researchers have studied micro-irrigation system behaviour using different effluents, filters and emitters (Tajrishy et al., 1994; Ravina et al., 1997; Puig-Bargués et al., 2005; Cararo et al., 2006; Capra and Scicolone, 2007; Duran-Ros et al., 2009; Liu and Huang, 2009 ).
Other authors have studied some economic issues related to reclaimed water reuse along the Spanish Mediterranean. Molinos-Senante et al. (2010) made a cost-benefit analysis of wastewater treatment; Seguí and Alfranca (2004) assessed two reclaiming and reusing effluent systems from both technical and economical points of view; and Seguí et al. (2009) evaluated reclaimed water reuse for wetland restoration in a natural park using the travel cost technique. Nevertheless, in none of these studies has the cost of reusing water in micro-irrigation at the field level been studied in depth. Therefore, the aim of the present study is to analyse the private costs of water reuse in micro-irrigation using four filtration systems and five types of emitters in an experimental plot under similar conditions to a typical crop in the region, such as a fruit orchard. This analysis is intended to provide information about the decision a farmer would make when the choice to use conventional or reclaimed water is guided by cost criteria.
Material and methods

Experimental setup
The experiments were conducted in an experimental plot located at the wastewater treatment plant (WWTP) (42º 2' N, 2º 52' E, 44.4 m asl) of Celrà (Girona, Spain), which treats urban and industrial wastewater from that municipality. The tertiary effluent from the WWTP, which was obtained by filtration of secondary effluent through a disc filter with a 130 µm filtration level and subsequent treatment by ultraviolet radiation, was used in the experiments. 
Water (C w )
It includes water consumption for both irrigation and filter backwashing.
Reclaimed water price: € 0.08 m -3 (Sala, 2010). Conventional water price: € 0.02 m -3 . In the area, irrigators pay for irrigated surface, not for water volume consumed. These payments vary for each user association (irrigation communities).
Energy (C e )
It includes the electricity cost of pumping for irrigation and filter backwashings.
Electricity price without time discrimination (3.01 tariff, July 2010): € 0.133245 (kW h)
It includes the cost of emitter control and clogged emitter replacement at the end of each irrigation season, as well as sand replacement in sand media filter.
In the sand filter it is necessary to replace the sand media after every 1,000 hours of irrigation. The data concerning the number of clogged emitters and their replacement times have been obtained experimentally. Empirical data for emitter clogging were adjusted at 0, 125, 300, 475, 600, 800 and 1,000 irrigation hours using a quadratic regression to extrapolate the data for the different applied irrigation water tested. For the TO emitter, as clogging was so abundant, it was cheaper to replace the whole lateral than replace every clogged emitter. So, lateral replacement costs have been considered.
Financial operation cost (C fin )
Variable cost for working capital.
Interest rate: 4%. Rest period for working capital: 4 months (assuming that the costs are concentrated in the middle of the irrigation season in July, and harvest time in November).
Fertilizer (C fert )
In fact, this is a cost decrease caused by the nutrient supplied by reclaimed water for irrigation. This component is taken into account when the use of reclaimed water is compared to the use of conventional water, and considering the total cost of fertilizer as a cost associated with irrigation.
It was assumed that an apple tree needs to be fertilized with 117 units of N, 30 of P and 95 of K, according to the recommendations of several area experts, for an expected production of 40 t/ha (average yield of apple orchards in the province of Girona in 2009 (DAR, 2010a)). The nutrient content of reclaimed water was obtained by analysis. The conventional fertilization considered was typical of fruit producers in the area and has the following composition (N, P and K): 26-0-0, 9-0-11 (water soluble), 12-12-17 and 0-0-30. A 23% of N was applied by fertirrigation. For the fertilizers supplied in solid form, the cost of renting machinery was considered according to utility rates in the area (€ 80 ha -1
). Private micro-irrigation costs using reclaimed water lization costs were not taken into account. The calculations were made for an orchard of 1 ha, planted with apple (Malus × domestica) trees 1.0 m apart in rows 3.5 m apart. Each tree would be irrigated by two emitters. The considered applied irrigation water, estimated from average measured data, was 4,100 m 3 ha -1 yr -1 , delivered during the five month-long irrigation season. The irrigation data using reclaimed and conventional water were compared. Regarding the use of conventional water, it was estimated that the filters were backwashed every five days and the emitters clogged 10% as much as with reclaimed water. Then, the fertilizer cost was included to study the savings in fertilizer resulting from the use of reclaimed water.
The effect of the applied irrigation water was also analysed considering reclaimed water doses ranging from 0 up to 8,000 m 3 ha -1 . In this analysis the maintenance costs were computed from the empirically obtained degree of clogging.
Scenario analysis definition
Since the field study was conducted under very specific conditions, it was thought appropriate to examine what the economic performance would be under different possible circumstances. To achieve this goal, various scenarios taking into account different water prices and nutrient contents and their combinations were considered. Again, the irrigation water needs were established on the basis of an apple orchard.
Three different prices for conventional water were established: one with a purchase price similar to the average price in the area (€ 0.02 m -3 ), and the other two higher [€ 0.07 and 0.12 m -3 , the latter one being the water price for the new Segarra-Garrigues (Lleida, Spain) irrigation area (DAR, 2010b)]. Likewise, three different prices for the reclaimed water were established: € 0.08, 0.14 and 0.20 m -3 . The minimum price was established from average values in the same region (Sala, 2010) . The water treatment costs in the Blanes (Costa Brava, Girona, Spain) WWTP can be used as a reference: € 0.06 m -3 in 2006, without considering fixed costs (Borràs et al., 2007) . With regard to the water nutrient content, three different levels were considered. The lowest level, with 5 mg L -1 of nitrogen and 4 mg L -1 of phosphorus, was obtained from the analysis of the effluent used in the experiments. These levels are typical of effluents from a WWTP with denitrification and phosphorus reduction.
The high level, with 45 and 6 mg L -1 of nitrogen and phosphorus, respectively, corresponded to the maximum values of effluent treatment plants managed by the Costa Brava Consortium (CCB, 2010) . Finally, an intermediate concentration level of 25 mg L -1 of nitrogen and 5 mg L -1 of phosphorus was considered. The presence of potassium in the reclaimed water was not considered due to a lack of experimental data. Taking into account all the combinations, 27 different scenarios were studied.
On the other hand, in the scenarios with a different nutrient content it was assumed that the clogging level produced by the reclaimed water was the same. This was because the water underwent received tertiary treatment and therefore the micro-organisms that could induce clogging were very low.
Results
Costs of the different filter and emitter alternatives using reclaimed water
Prior to performing the cost analysis, clogging equations were determined for the applied irrigation water for each combination of filter and emitter. Figure 1 shows two examples that are representative of the two different groups of cases observed. The first one is when clogging appeared at very low levels of applied water [Combined filter-TO emitter]. In this situation, a regression curve was computed to estimate the per- centage of clogged emitters for any volume of applied irrigation water in the range of the experiment. The second group of cases [Disc-TO] shows a greater resistance to clogging. It has to be pointed out that with the other tested emitters less clogging was found with combined filter than with disc filter. Despite of the variability on results, which is attributable to the inherent variability on effluent characteristics, two different clogging patterns were considered. The first one was in the range where no clogging was observed (0 to 830 L in the [Disc-TO] combination). In the second, when clogging began to appear, the percentage of clogged emitters were fitted with a quadratic function. This analysis was performed for each combination of irrigation equipment because it was necessary to determine maintenance costs.
The cost analysis of the different combinations of irrigation equipment is shown in Table 2 . Capital and maintenance cost were the two components that had more effect on total costs, because the other components had more constant values. When analysing the total costs together, the minimum value was obtained with the [Screen-TI] combination because it had the minimum capital costs and also maintenance costs since this combination had very few clogging problems during the experiments. Therefore, under the experimental conditions, this combination would be the best choice.
However, as the characteristics of the reclaimed water were variable, and there were few differences in the observed costs of other options, other combinations that had a cost difference of less than 10% of the minimum ( Although most of these combinations used screen filters, other configurations with disc and sand filters were also included. The best emitters changed depending on the filter. Thus, TO and RM emitters were selected with screen and disc filters, and TI with screen and sand filters.
When analysing the cost components individually, capital costs were lower with the emitter TI for each filter type. Capital costs were cheaper with screen filters, followed by disc, sand and the combined, respectively.
If only water used for irrigation was considered, the cost of water would be the same in all cases. However, the water consumption for filter backwashing varied for each type of filter, with the sand filter consuming the most water during backwashing, and the screen filter, the least. The differences for energy consumption costs among the different combinations of filters and emitters were very small.
The maintenance costs of the [Sand-TI] combination were considerably greater than the other selected cases. This result is explained, first, by the cost of replacing the sand media, which is exclusive of this type of filter and, second, by the cost of replacing the clogged emitters, which is similar to other selected cases.
Comparison between the use of reclaimed and conventional water Figure 2 shows the cost, including the cost of fertilizer, of an irrigation season using reclaimed and conventional water. The results show that the best combinations of filter and emitters when using reclaimed water are consistent with those obtained with conventional water. Although this result was influenced by the assumed hypothesis of emitter clogging caused by conventional water, it is remarkable that the costs of using reclaimed water were higher than those of using conventional water. The low price of conventional water for irrigation purposes in the study area, as well as the quality of reclaimed water used -with very low nutrient content-were determinant for achieving these results. Figure 3 shows the evolution of annual costs of an irrigation season, which included fertilization cost, depending on the applied irrigation water. The most relevant result is that in all cases the [Screen-TI] combination had the lowest cost. But this performance was not repeated in all combinations of irrigation equipment. For instance, the [Disc-TI] combination had one of the smallest costs for reduced amounts of irrigation water but it was the sixth most expensive combination when higher quality irrigation water was applied. Also noteworthy is the [Combined-UN] case, because from medium to high amount of applied irrigation water, the costs increased considerably faster than for any other combination of filter and emitter.
Effect of different applied irrigation water
Thus, the costs for each particular combination of irrigation materials did not always vary directly with the volume of water, mainly because of the effect of maintenance costs, which are affected principally by emitter clogging. 
Comparison of different scenarios
The costs for the 27 scenarios were examined. In Table 3 the cost differences between the use of conventional and reclaimed water for 18 of them, the most relevant, are detailed. As the initial scenarios with a price of reclaimed water of € 0.20 m -3 always yielded higher costs, they were not further analyzed.
If these costs are compared, the minimum cost always corresponds to the [Screen-TI] combination, for both conventional and reclaimed water. When the results of each scenario were analyzed for a set emitter type (UN, TI, RM, TO, or P2) and the optimal filter was selected for both the conventional and reclaimed water, the minimum cost was always achieved using the screen filter. If each type of filter was considered independently and the optimal emitter was searched, the minimum cost using conventional water for each scenario would be obtained with the emitter TI. However, the minimum cost using reclaimed water was for emitter TI if sand and screen filters were used and for emitter RM when both the combined filtration system and disc filter were installed.
In only 8 scenarios (scenarios 3, 8, 9, 13, 14, 15, 17 and 18) was the use of reclaimed water economically preferable to the use of conventional water. As scenarios 13, 14 and 15 had a price of reclaimed water smaller than the conventional price, the result was predictable. Scenarios 7, 8 and 9 resulted in a price difference of only € 0.01 m -3 for conventional water, but only a medium nutrient content (scenario 8) and a high one (scenario 9) offset the water price difference, not a small nutrient content (scenario 7). The same thing happened with scenarios 17 and 18, which had a price difference of € 0.02 m -3
. Lastly, the price differential between conventional and reclaimed water in scenario 3 was € 0.06 m -3 , but the high nutrient content of reclaimed water compensated for the water cost difference. It should be pointed out that when the water price differentials were higher, the nutrient content did not balance the price gap. This was the case of scenarios 10, 11, 12, which had a price differential of € 0.07 m -3 and the smaller cost of conventional water made it preferable to reclaimed water.
Discussion
According to the experimental conditions under which the irrigation experiments were carried out, the alternative with the smallest cost (€ 1,995.72 ha -1 yr -1 ) had a screen filter and emitter TI. The maximum difference between the best and worst alternatives reached € 963.43 ha -1 , which represented a saving of 33% of the irrigation costs. These results indicate the impor- Disc-P2 Private micro-irrigation costs using reclaimed water tance of the combinations of filter type and each specific emitter, as several experiments have shown (Ravina et al., 1997; Capra and Scicolone, 2007; Duran-Ros et al., 2009) . According to Capra and Scicolone (2007) , disc and screen filters are cheaper and easier to use. However, sand filters are indicated when the irrigation water has high levels of suspended solids, but these filters are more expensive and are only appropriate for farms with high technical and professional standards. Our results confirm this fact.
Quantitatively, the highest cost was due to capital cost, followed by water, energy, maintenance and financial operation costs. However, the maintenance cost, which is greatly influenced by the characteristics of the irrigation water, led in some cases to an important increase in the total cost. For this reason, maintenance should not be underestimated in the design stage of a drip irrigation system with reclaimed water. In addition, transport and distribution costs might be high, and they must be calculated case by case depending on the distance from each orchard to the water supply. Seguí et al. (2009) pointed out that transport and distribution costs are one of the main costs of irrigation projects with reclaimed water. In our experiment, the transport and distribution costs were minimal because the experimental plot was located beside the WWTP. As there are several WWTPs in the main irrigated areas of the province of Girona (i.e., the Muga and the Lower Ter river basins), the costs of reusing reclaimed water in most of the irrigated farms would be minimized (Elbana et al., 2010) .
The influence of applied irrigation water on costs, which varied depending on the irrigation equipment, was also observed. For some combinations of materials, the cost was fairly proportional to the applied irrigation water, but not for others. This means that a combination of irrigation equipment could present an acceptable cost in some range of applied irrigation water, but not a very acceptable one in others, where a more intense equipment operation regime represented higher costs, as with the [Combined-UN] alternative. In either case, the [Screen-TI] combination was again optimal for any of the applied water amounts tested.
The analysis of different scenarios shows that with the optimal combination of filter and emitter, the use of reclaimed water with high nutrient contents (45 and 6 mg L -1 of nitrogen and phosphorus, respectively) cost less than using conventional water, even though it had a price up to € 0.06 m -3 lower than that of reclaimed water.
To promote the use of reclaimed water for irrigation in the studied area, thereby releasing conventional water for other uses, some tariff reductions could be implemented (Sala, 2010) . Thus, it might be economically attractive for farmers to choose reclaimed water for irrigation. Other implemented actions could include penalizing the price of conventional water, redistributing user rights by replacing some conventional water rights with reclaimed water rights, or providing a high level of nutrients in the reclaimed water for irrigation. The last option would also help to reduce the cost of wastewater treatment, but would require important and currently difficult-to-implement operational changes in water treatment plants. Besides, increasing nutrient levels in WWTP effluents could make the environmental, urban and industrial reuse of reclaimed water difficult.
Other elements could affect the farmer's decision about what type of water (reclaimed or conventional) to use, if it is possible to choose between the sources. A key issue in this decision is the water supply guarantee for regenerated water, which could be a more determinant factor than the water cost in those areas that experience occasional supply restrictions. This is the case of the study area, which was affected by exceptional supply situations in 1999, 2000, 2002, 2005 and 2007-2009. Moreover, and assuming that farmers cannot choose a water source, and that they are forced to use reclaimed water, the current price would have different implications depending on the type of production. The demand curves determined by Pujol (2002) and Pujol et al. (2006) , for the irrigation of the Lower Ter River basin (where the experimental plot is located) show that the fruit orchards and ornamental plant nurseries in the area could pay the current price of reclaimed water but profits would be reduced, while farms producing fodder to feed their livestock would be in an extreme situation, and producers of corn and other cereals could not afford that price.
Finally, it is should not be forgotten that the social acceptance of using reclaimed water is still limited (Molinos-Senante et al., 2010) , and some farmers may have non-economic objections to using it. In the study area today there are some farmers who use reclaimed water. Elbana et al. (2010) surveyed these farmers, who were satisfied using this water resource. They pointed out that water supply safety is the principal advantage and the main reason for using reclaimed water for irrigation, especially in drought periods. They also confirm that health problems have never been an issue, and that the WWTPs conduct regular analyses to ensure that the water quality is adequate for agricultural use. Saving fertilizer is considered another very important advantage of using this type of water for irrigation.
